Background: Advanced glycation end products (AGEs) are involved in the development and progression of diabetesassociated osteoporosis. Results: High dose AGEs induced cell apoptosis. Low dose AGEs stimulated cell proliferation and effected cell function by increasing autophagy via the RAGE/Raf/MEK/ERK pathway. Conclusion: AGE-induced autophagy correlated with the proliferation and function of osteoblast. Significance: Autophagy is a potential therapeutic molecular target for diabetic osteoporosis.
Both osteoporosis and diabetes are common in the elderly. Numerous studies have demonstrated a relationship between osteoporosis and diabetes. Recent studies showed that the inci-dence of hip fracture and spinal fracture in patients with type 1 or type 2 diabetes increased significantly compared with healthy subjects (1). However, the increased incidence of osteoporosis-associated fractures in diabetic patients cannot be explained by a decrease in bone mineral density in these patients; different from type 1 diabetes, bone mineral density in patients with type 2 diabetes often increases (2, 3) . Moreover, in patients with type 2 diabetes, the risk of fracture in patients with a long disease history is significantly higher than in newly diagnosed patients (4) . Therefore, the increased incidence of fracture in diabetic patients cannot be ascribed to bone structure damage only but is also associated with the long term pathogenic effects of diabetes.
Advanced glycation end products (AGEs) 3 are the end products of glucose and other reducing sugars, proteins, lipids, and nucleic acids via a non-enzymatic glycosylation reaction (5) . During aging, renal failure, inflammation, particularly diabetes, and the formation and deposit of AGEs accelerate. The deposit of AGEs can be aggravated by disease progression. AGEs can bind to multiple membrane receptor proteins. The main receptor of AGEs is receptor of advanced glycation end products (RAGE). The interaction between AGEs and RAGE is involved in the pathophysiological processes of many diseases (6) . In diabetes, an abnormal increase in AGEs and RAGE in bone tissues may be associated with the development and progression of diabetes-associated osteoporosis (7) . However, there is a dispute concerning the effects of AGEs on osteoblasts. McCarthy et al. (8) found that the short term effect of AGEs may promote the proliferation of osteoblasts, and the long term effect of AGEs may inhibit the proliferation of osteoblasts. However, other studies did not observe this phenomenon. These studies suggested that AGEs significantly inhibit the proliferation and induce apoptosis of osteoblasts, and neither long term nor short term treatment with AGEs promoted the proliferation of osteoblasts (9 -11) .
Autophagy is the primary metabolic process by which eukaryotic cells degrade and recover damaged macromolecules and organelles (12, 13) . During this process, substances in the cytoplasm are phagocytosed by autophagosomes, which are spherical structures with double layer membranes, and transported to lysosomes for degradation. After binding to late endosomes or lysosomes, autophagosomes and their contents are degraded. The degradation products can be re-used in the syntheses of macromolecules and in energetic metabolism (12) . In all cells, low level autophagy ensures the recycling of longevity proteins and organelles (14) . The level of autophagy can be up-regulated in stressful conditions (15) . However, excessive autophagy is harmful to cells and leads to damage or massive death of cells (16, 17) . Recent studies have proven that autophagy is closely associated with the functions of osteoblasts. Autophagy deficiency can cause increased oxidative stress levels in osteoblasts, secretion of receptor activator for nuclear factor-B ligand (RANKL), and decreased mineralization (18) . Autophagy is also helpful in maintaining the proliferation and function of osteoblasts in high glucose levels (19) . Studies on cardiovascular diseases and cancer have confirmed that an increase in AGEs as well as RAGE can activate autophagy-associated signal pathways and induce autophagy (20 -22) . However, there are no reports on whether AGEs in osteoblasts can regulate autophagy.
The primary aim of this study is to determine the effects of AGEs on the proliferation and function of osteoblasts, assess whether autophagy plays a key role in these processes, and the likely mechanisms involved.
Experimental Procedures
Cell Culture and Materials-The human fetal osteoblastic cell line hFOB 1.19, kindly provided by Dr. M. Subramaniam (23) , was maintained in a 1:1 mixture of Ham's F-12 medium/ Dulbecco's modified Eagle's medium without phenol red (Gibco) and supplemented with 10% fetal bovine serum (FBS) (HyClone) and 0.3 g/liter G418 (Sigma) in a humidified 5% CO 2 atmosphere at 33.5°C, and the medium was changed every other day. The cells were subcultured using trypsin/EDTA to replace the cells and begin the experiment. The hFOB 1.19 cells were plated at 10 4 cells/cm 2 for 24 h before treatment.
Bovine serum albumin (BSA), PD98059, the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT), and Z-Asp(OMe)-Glu(OMe)-Val-Asp(OMe)-CH2F (Z-DEVD-fmk) were obtained from Sigma. The EGFP-LC3 plasmid was kindly provided by Addgene. The RAGE-shRNA lentiviral and ctrl-shRNA lentiviral were purchased from Genechem (China). Primary antibodies for LC3, phospho-c-Raf (p-c-Raf), total ERK1/2 (t-ERK1/2), p-ERK1/2, p-MEK1/2, and t-MEK were purchased from Cell Signaling Technology, and antibodies for beclin-1, p62/SQSTM1, OPG, OCN, RANKL, and RAGE were purchased from Abcam.
Preparation of AGE Protein-AGE-BSA was prepared as described previously. BSA was added into 10 mmol/liter phosphate-buffered saline (PBS) (pH 7.4, concentration of 5 g/liter) and incubated with 50 mmol/liter D-glucose in 5% CO 2 /95% air at 37°C for 12 weeks. Unincorporated glucose was removed by dialysis overnight against PBS. AGE-BSA-specific fluorescence determinations were performed by measuring emission at 440 nm on excitation at 370 nm using a fluorescence spectrophotometer (Hitachi, Japan). The fluorescence intensity of AGE-BSA was 50 times higher than BSA. AGE-BSA content was estimated by fluorescence intensity at a protein concentration of 1 mg/ml. AGE-BSA was stored at Ϫ70°C until use.
Cell Viability and Proliferation Analysis-Cell viability was measured using MTT. Briefly, the cells were seeded onto 96-well plates (6000 cells/well) for 24 h, and the medium was then replaced with 10% serum medium. After treatment, culture media were changed for serum-free culture media. MTT dissolved in PBS was added to each well and then incubated for 4 h. After this interval, the serum-free culture medium containing MTT was discarded, and dimethyl sulfoxide (DMSO) was added to each well dissolving the precipitate. The optical densities were measured at 490 nm spectral wavelength using a microplate reader (Spectra Thermo, Switzerland). Cell proliferation was estimated using a BrdU kit (Roche Applied Science, China) following the protocol of the manufacturer. Cell viability and proliferation results were expressed as percentages. The absorbance measured from untreated cells was taken to be 100%.
Cell Apoptosis Analysis-Apoptosis was quantified by cell death detection ELISA PLUS (Roche Applied Science, China) according to the manufacturer's protocol. Briefly, the cytoplasmic histone/DNA fragments from cells were extracted and bound to the immobilized anti-histone antibody. Subsequently, the peroxidase-conjugated anti-DNA antibody was added for the detection of immobilized histone/DNA fragments. After addition of substrate for peroxidase, the optical densities were measured at 405 nm spectral wavelength using a microplate reader (Spectra Thermo, Switzerland). Cell death results were expressed as percentages. The absorbance measured from untreated cells was taken to be 100%.
Apoptosis was also determined by detecting phosphatidylserine exposure on cell plasma membrane with the fluorescent dye annexin V-FITC/PI apoptosis detection kit according to the manufacturer's protocols (KeyGEN, China). In brief, cells were harvested and washed in ice-cold PBS twice, resuspended in 500 l of binding buffer, and incubated with 5 l of annexin V-FITC and 5 l of PI solution for 15 min at room temperature in the dark, and then immediately analyzed by bivariate flow cytometry using a FACS SCAN flow cytometer equipped with Modfit LT 3.0 (BD Biosciences). Approximately 5 ϫ 10 5 cells were analyzed in each of the samples.
Western Blotting-After treatment, the cells were extracted with lysis buffer (150 mM NaCl, 1% Nonidet P-40, 0.1% SDS, 2 g/ml aprotinin, 1 mM PMSF) for 30 min at 4°C. The supernatants were centrifuged at 12,000 ϫ g for 15 min at 4°C. The supernatant containing total protein was harvested. Aliquots containing 50 g of proteins were separated by SDS-12% PAGE and transferred to PVDF membranes at 60 or 40 V for 2 h at low temperature. The membranes were soaked in blocking buffer (5% skimmed milk) for 2 h. Subsequently, proteins were detected using primary antibodies at 1:500 or 1:1000 dilution overnight at 4°C and then visualized using anti-goat or antirabbit IgG conjugated with peroxidase (HRP) at 1:6000 or 1:8000 dilution for 2 h at room temperature. The EC3 imaging system (UVP Inc. Upland, CA) was used to catch up the specific bands, and the optical density of each band was measured using an ImageJ software (National Institutes of Health, Bethesda). The rate between interesting proteins and GAPDH of the same sample was calculated as relative content and expressed graphically.
Transmission Electron Microscopy-The cells from each group were digested after 24 h of culture, followed by centrifugation, and the floating cells were collected. The cells were washed twice with cold PBS and fixed in 5% glutaraldehyde. Subsequently, the cells were conventionally dehydrated, embedded, sectioned, and stained, and the formation of autophagosomes was observed using transmission electron microscopy. The number of intracellular autophagosomes in every 10 fields was counted.
Immunofluorescence-Cells were fixed with 4% paraformaldehyde at room temperature for 15 min. After washing with PBS, cells were permeabilized with 0.2% Triton X-100 for 5 min. After washing with PBS, sections were incubated in a blocking buffer containing 5% BSA for 30 min at room temperature, followed by incubation with anti-LC3 (1:200) antibody overnight at 4°C. Secondary antibodies labeled with fluorescein (1:500, Abcam) were applied for 120 min. After incubating with 0.1% DAPI for 5 min and another washing step with PBS, coverslips were transferred onto glass slides. Images were captured on a wide field fluorescent microscope (Olympus, Japan).
EGFP-LC3 Expression Analysis-The cells from each group were seeded into 24 wells (25,000 cells/well) and incubated for 12 h. The cells were transiently transfected with the pEGFP-LC3B plasmid with the use of Lipofectamine 2000 (Invitrogen). Briefly, the cells were transfected with 4.0 g of vector DNA and 10 l of Lipofectamine 2000 in 2 ml of Opti-MEM medium. At 6 h after transfection, the medium was replaced with normal DMEM/F-12 medium with 10% FBS for 24 h. Images were captured on a wide field fluorescent microscope (Olympus, Japan). The number of EGFP-LC3 dots was determined by manual counting in five fields, and nuclear number was evaluated by counting DAPI-stained nuclei in the same fields using the same magnification. The number of EGFP-LC3 puncta/cell was evaluated as the total number of dots divided by the number of nuclei in each microscopic field.
RNA Interference-For the gene knockdown experiments, we obtained lentiviral shRNA purchased from Shanghai GenePharma. The shRNA was designed against RAGE (sense, 5Ј-CCG GTG AGA CAG GGC TCT TCA CAC TCT CGA GAG TGT GAA GAG CCC TGT CTC ATT TTT G-3Ј; antisense, 5Ј-AAT TCA AAA ATG AGA CAG GGC TCT TCA CAC TCT CGA GAG TGT GAA GAG CCC TGT CTC A-3Ј). A nontargeting stem-loop DNA vector was also generated for use as a negative control. RAGE-shRNA lentivirus or negative control lentivirus was added into target hFOB 1.19 cells at multiplicity of infection (40) with ENi.S and 5 g/ml Polybrene to obtain stably transfected RAGE-shRNA and ctrl-shRNA cells.
Real Time RT-PCR-Total RNA was extracted from the hFOB cells using TRIzol reagent (Invitrogen) according to the manufacturer's instructions and quantified spectrophotometrically at 260 nm with acceptable 260:280 ratios between 1.8 and 2.0. The RNA quality was also checked by 1% agarose gel electrophoresis, stained with 1 g/ml ethidium bromide. Residual genomic DNA was removed by incubating RNA with RNase-free DNase (Promega). Total RNA was reverse-transcribed using a reverse transcription kit (TaKaRa, China) according to the manufacturer's protocols.
Real time PCR was performed on ABI Prism 7900HT Fast System (Applied Biosystems) using SYBR Premix Ex Taq TM II (TaKaRa, China). Amplifications were carried out in a total volume of 20 l and cycled 40 times after initial denaturation (95°C for 30 s) with the following parameters: 95°C for 5 s and 60°C for 30 s. Primers sequences were listed in Table 1 , and ␤-actin was used as an internal control. The relative mRNA expression was quantified through a comparison of the cycle threshold (Ct) values. The experimental data were processed using the 2 Ϫ⌬⌬Ct method as follows: ⌬⌬Ct ϭ (Ct target Ϫ Ct internal control) experiment group Ϫ (Ct target Ϫ Ct internal control) normal control group. Each experimental group was repeated three times.
ALP Detection-The cells from each group were washed three times with PBS and lysed with 0.1% Triton X-100 using three cycles of freezing and thawing to verify that the cells were completely lysed. The cell lysates were centrifuged at 15,000 ϫ g for 5 min at 4°C, and the supernatant was collected. 50 l of cell lysate was transferred to a 96-well plate, and 150 ml of p-nitrophenyl phosphate (Sigma, Irvine, UK) was added to each well as substrate for 20 min at 37°C. p-Nitrophenol was quantified based on the spectrophotometric absorbance at 405 nm. ALP activity was normalized to the total protein concentration for each sample using a BCA protein assay (Pierce).
Statistical Analyses-The experiments were repeated three times. The quantitative data are presented as means Ϯ S.E. The Statistical Package for Social Science (SPSS) 17.0 software was used for analysis. Comparisons among multiple groups were performed using one-way analysis of variance. Pairwise comparisons were performed using the t test. p Ͻ 0.05 indicated that the observed difference was significant.
Results

AGE-BSA Had a Biphasic Effect on the Viability of hFOB1.19
Osteoblasts and the Effect Was Associated with Autophagy-To determine the influence of AGE-BSA on the viability of osteoblasts, we treated human hFOB1.19 osteoblasts with AGE-BSA or BSA at different concentrations (50 -250 mg/liter) for different time periods (0, 24, 48, and 72 h) and then assessed the viability of treated cells using MTT analysis. Interestingly, we found that AGE-BSA had a biphasic effect on the viability of hFOB1.19 cells; treatment with a low concentration of AGE-BSA (150 mg/liter) for 24 and 48 h significantly increased cell viability, particularly at 24 h. This effect decreased after 72 h of treatment. Treatment with high concentrations of AGE-BSA (above 200 mg/liter) for 24, 48, and 72 h significantly inhibited cell viability (Fig. 1A) . The control BSA at various concentrations did not have a significant effect on cell viability (Fig. 1B) .
To assess whether increased viability of hFOB1.19 osteoblasts is associated with enhanced proliferation of cells, we assessed the proliferation of treated cells using a BrdU kit, and the results were similar to the MTT assay ( Fig. 1D ). Furthermore, to determine whether the decreased effect of AGE-BSA (150 mg/liter) for long term on osteoblast proliferation is related to cell death, cell death detection ELISA PLUS was carried out. No significant cell death was observed at any time point examined, even after the AGE-BSA (150 mg/liter) treatment for 72 h (Fig. 1E ). In addition, to further investigate the effect of autophagy on enhanced proliferation, 3-methyladenine (3-MA), a classic inhibitor of autophagy, was used to inhibit cell autophagy. The result showed that 3-MA significantly inhibited the effect of AGE-BSA (150 mg/liter) in promoting the viability and proliferation of hFOB1.19 cells (Fig. 1, C and D) , suggesting the effect of AGE-BSA (150 mg/liter) on promoting proliferation might be related to cell autophagy.
To determine whether the inhibitory effect of high concentrations of AGE-BSA (above 200 mg/liter) on osteoblast viability is related to cell apoptosis, a cell death detection ELISA PLUS and an annexin V-FITC/PI apoptosis detection kit were performed. The DNA fragmentation ratio of AGE-BSA (200 mg/liter)-treated groups was predominantly elevated, compared with the control group, as examined by cell death detection ELISA Plus (Fig. 2B ). Similar to this observation, the percentage of apoptotic cells detected by the annexin V-FITC/PI apoptosis detection kit increased remarkably in AGE-BSA (200 mg/liter)treated hFOB1.19 cells (Fig. 2C) . To investigate the underlying mechanisms involved in AGE-BSA-induced apoptosis of hFOB1.19 cells, we incubated cells with the caspase inhibitor Z-DEVD-fmk (25 M) for 1 h prior to treatment with AGE-BSA (200 mg/liter). As illustrated, Z-DEVD-fmk pre-treatment sig- nificantly inhibited the effect of AGE-BSA (200 mg/liter) on decreasing viability ( Fig. 2A ) and inducing apoptosis of hFOB1.19 cells (Fig. 2, B and C) . In contrast, 3-MA markedly enhanced the AGE-BSA (200 mg/liter)-induced inhibition of cell viability ( Fig. 2A ) and promoted apoptotic cell death (Fig. 2,  B and C) . These findings demonstrate that AGE-BSA-induced apoptotic cell death in a caspase-dependent manner was significantly exacerbated by the inhibition of autophagy.
AGE-BSA-induced Autophagy of hFOB1. 19 Cells-LC3II and beclin1 are known biomarkers in the formation of autophagosomes (24) . Their expression is positively correlated with autophagy level. In addition, p62/SQSTMI is a biomarker of the degradation of autolysosomes. Impaired autophagy is often accompanied by the accumulation of p62/SQSTMI, and its expression is negatively correlated with autophagy level. To determine whether a low concentration of AGE-BSA can affect the autophagy level of hFOB1.19 cells, we examined the changes in expression of autophagy-associated proteins, including LC3I/LC3II, beclin1, and p62/SQSTMI. We found that AGE-BSA at the concentration of 150 mg/liter induced cell autophagy, and the effect was time-dependent. The effect was most significant when the treatment time was 24 h (Fig. 3, A and  D) . With increased concentration of AGE-BSA, autophagy lev-els increased accordingly, which suggested that the effect was also concentration-dependent ( Fig. 3, B and E) . 3-MA significantly inhibited the autophagy induced by 150 mg/liter AGE-BSA ( Fig. 3, C and F) .
We confirmed the inductive effects of AGE-BSA on cell autophagy by counting the number of autolysosomes using a transmission electron microscope (TEM) and fluorescence microscope. TEM is the recognized gold standard for monitoring autophagy (24) . The results indicated that after 24 h of treatment with 150 mg/liter AGE-BSA, the number of autolysosomes in hFOB1.19 cells increased significantly compared with controls, and the addition of 3-MA significantly lowered the number of autolysosomes (Fig. 4, A and C) . LC3 is mainly located on the surface of pre-autophagosomes and autophagosomes and is known as a general biomarker of autophagy (24) . We used a fluorescence microscope to observe the punctate aggregation (autolysosome) of internal LC3 and external EGFP-LC3. The results were consistent with those obtained using TEM. The punctate aggregation of both proteins increased significantly after 24 h of treatment with 150 mg/liter AGE-BSA compared with controls, and when 3-MA was added, the punctate aggregation decreased significantly compared with the AGE-BSA group without 3-MA ( Fig. 4, B , D, and E). These results suggested that a low concentration of AGE-BSA up-regulated the autophagy level of hFOB1.19 cells.
Autophagy of hFOB1.19 Cells Induced by AGE-BSA Was Mediated via the RAGE/Raf/MEK/ERK Signal Pathway-As
one of the major receptors of AGEs, RAGE participates in multiple signal transduction pathways (25) . To investigate the functions of RAGE in cell autophagy induced by AGE-BSA, we first determined the expression of RAGE protein in hFOB1.19 cells treated with different concentrations (50, 100, and 150 mg/liter) of AGE-BSA for 24 h. We found that when the concentration of AGE-BSA increased, the expression level of RAGE increased accordingly (Fig. 5, A and B) , which suggested that AGE-BSA up-regulated the expression of RAGE. We then transfected hFOB1.19 cells with RAGE-shRNA, and this decreased the level of RAGE successfully (Fig. 5, C and D) . Upregulation of RAGE can activate the Raf/MEK/ERK signal pathway (25) , and this pathway is closely associated with autophagy (26) . It is thought that this pathway may be involved in the autophagy induced by AGE-BSA. Western blotting was used to determine the expression of proteins in the Raf/MEK/ERK signal pathway associated with autophagy (Fig. 5E ). The results showed that treatment with 150 mg/liter AGE-BSA for 24 h activated the Raf/MEK/ERK signal pathway and increased the autophagy level. Furthermore, when the pathway was inhibited by PD98059 and RAGE-shRNA, the activity of both the pathway and autophagy level decreased significantly (Fig. 5, E-G) . This further proved the function of the RAGE/Raf/MEK/ERK signal pathway in autophagy of hFOB1.19 cells induced by AGE-BSA. 
Pro-proliferative Function of AGE-BSA Was Inhibited by RAGE-shRNA and PD98059 -To determine the function of the RAGE/Raf/MEK/ERK signal pathway in cell proliferation
induced by AGE-BSA, we first investigated the cell viability using MTT analysis following treatment with RAGE-shRNA or PD98059. We found that compared with the AGE-BSA group, the viability of cells in the RAGE-shRNA group and the PD98059 group decreased significantly (Fig. 6A) . To further confirm this, BrdU incorporation assay was performed, and the results also showed that RAGE-shRNA and PD98059 significantly inhibited AGE-BSA-induced hFOB1.19 cell proliferation (Fig. 6B) . These results further confirmed the role of the RAGE/Raf/MEK/ERK signal pathway in the pro-proliferative effect of AGE-BSA on hFOB1.19 cells.
Regulatory Function of AGE-BSA on Osteogenesis and Osteoclastogenesis in Vitro May Be Mediated by the RAGE/Raf/ MEK/ERK Signal Pathway and Autophagy-To further inves-
tigate the effects of AGE-BSA on the bone remodeling function of hFOB1.19 cells, we evaluated the mRNA and protein levels of osteoprotegerin (OPG) and RANKL, which are biomarkers of osteoclastogenesis (27) , and ALP and osteocalcin (OCN), which are biomarkers of osteogenesis. Real time PCR showed that compared with the controls, the mRNA level of RANKL was down-regulated by treatment with AGE-BSA (150 mg/liter) for 24 h, and the mRNA levels of alkaline phosphatase (ALP), OCN and OPG were up-regulated. After 48 h of treatment, the levels of the above mRNAs did not change significantly. However, the effect of 72 h of treatment was opposite that of 24 h of treatment. Compared with the controls, 72 h of treatment with AGE-BSA significantly up-regulated the mRNA level of RANKL and down-regulated the mRNA levels of ALP, OCN, and OPG. 3-MA, RAGE-shRNA, and PD98059 inhibited the effects of AGE-BSA and maintained the levels of the above biomarkers at baseline levels (Fig. 7, A-D) . The protein levels of RANKL, OCN, and OPG were determined by Western blotting. The activity of ALP was measured using an ALP kit. The results of these tests were consistent with those obtained by real time PCR (Fig. 7, E-I) . It is thought that AGE-BSA affected the bone remodeling functions of hFOB1.19 cells, and the effect was associated with the RAGE/Raf/MEK/ERK signal pathway and autophagy.
Discussion
Many studies suggest that AGEs are involved in the development and progression of osteoporosis (7, 28 -30) . The binding of AGEs to organic bone matrix may also increase the fragility of bones (30, 31) . However, there is controversy regarding the effects of AGEs on cell proliferation in vitro. Some studies suggested that AGEs accelerate the maturation of dendritic cells and promote the proliferation of T cells (32) . Studies have also found that a low concentration of AGEs can promote the proliferation of vascular smooth muscle cells; however, AGEs at a similar concentration inhibited the proliferation of vascular endothelial cells (33) . In this study, we rely on the hFOB1.19 cell line as a cellular model not only because these cells are osteoblasts homologous to human osteoblasts, but also because they have strong proliferation ability (34) . To mimic in vivo, we used AGE-BSA, which is described to have a high affinity to RAGE (35) . As glycated BSA is modified by a variety of AGE structures and its complexity resembles in vivo generated forms, a physiologically plausible model is approximated. We found that AGE-BSA had a biphasic effect on the viability of hFOB1.19 cells; AGE-BSA (150 mg/liter) induced an early and transient pro-proliferative effect on hFOB1.19 cells, but AGE-BSA (200 mg/liter) continuously inhibited cell viability and induced cell apoptosis. Therefore, we suggest that the pro-proliferative effect of AGE-BSA on osteoblasts not only depends on time or concentration alone but on the synergistic effects of both factors. This partially explains the controversial results regarding the effects of AGE-BSA on osteoblast proliferation.
The protective role of autophagy under various stress conditions is well documented (36) . A recent study showed that autophagy had a pro-survival role under high glucose and oxidative stress conditions in osteoblastic MC3T3-E1 cells (19) . Also related to the findings, a more recent study has shown that the increased autophagy elicited by simvastatin protected MC3T3-E1 osteoblastic cells from H 2 O 2 -mediated cell death (37) . Moreover, defective autophagy has been reported to contribute to aging, insulin resistance, and cancer (38, 39) . In this study, by inhibiting autophagy using 3-MA, we showed the deleterious consequences of autophagy suppression on cell survival in hFOB1.19 cells cultured with AGE-BSA (200 mg/liter). Further studies will investigate the protective mechanisms of autophagy against AGE-BSA.
Numerous studies have demonstrated the close relationship between autophagy and cell proliferation. A recent study found that autophagy induced the proliferation of bone marrow-derived mesenchymal stem cells under hypoxic conditions (40) . Another study found that AGE-BSA accelerated the proliferation of rat vascular smooth muscle cells, and this effect was associated with autophagy (41) . However, there are no studies on the role of autophagy on the effects of AGE-BSA on osteoblast proliferation. In this study, we found that 3-MA effectively inhibited the increased cell viability and proliferation induced by the low concentration of AGE-BSA, suggesting a possible pro-proliferative role of autophagy in hFOB1.19 cells when exposed to AGE-BSA (150 mg/liter). Furthermore, to validate this hypothesis by monitoring autophagy using several experimental procedures, we found these results were able to support the important function of autophagy in the effects of AGE-BSA on hFOB1.19 cells proliferation.
As the most important receptor of AGEs, RAGE is extensively expressed in a variety of human tissues and is associated with many diseases, including diabetic complications, neuropathy, and inflammatory disease (42) . In this study, we found that the AGE-BSA-activated Raf/MEK/ERK signal pathway in hFOB1.19 cells was clearly inhibited in RAGE-shRNA-expressing hFOB1.19 cells. Also related to the findings of this study, more studies had shown that AGE-BSA up-regulated the expression of RAGE, activated the ERK1/2 signal pathway, and accelerated the proliferation, migration, and invasion of cells (43, 44) . These results suggest that RAGE plays a key role in activation of the Raf/MEK/ERK signal pathway of cells induced by AGE-BSA.
The Raf/MEK/ERK signal pathway, which is the main component of the MAPK pathway, plays a key role in regulating cell survival, cell cycle, and differentiation (45, 46) . Recent studies have shown that the Raf/MEK/ERK signal pathway participates in the regulation of autophagy by regulating the expression of LC3B and p62, which are the key proteins associated with autophagy (26) . Studies have also suggested that RAGE has a role in regulating autophagy and facilitates cell survival by upregulating cell autophagy (21, 47) . The effect of AGE/RAGE on promoting autophagy may be mediated by activation of the ERK pathway (41) . Kang et al. (48) suggested that the activation of ERK by RAGE can lead to the subsequent stimulation of death-associated protein kinase, which in turn phosphorylates and activates beclin1 to promote autophagy. In this study, addition of PD98059 or RAGE-shRNA inhibited the autophagy and proliferation of hFOB1.19 cells induced by AGE-BSA (150 mg/liter), suggesting that RAGE and the Raf/MEK/ERK signal pathway have important functions in mediating the autophagy and proliferation of hFOB1.19 cells induced by AGE-BSA.
In light of the complex role of osteoblasts in bone remodeling, this study also examined the impact of AGEs on the expression of osteogenic (ALP and OCN) and osteoclastogenic (RANKL and OPG) markers. Interestingly, we found that the short term effects of AGE-BSA (150 mg/liter) increased osteogenic function and decreased osteoclastogenic function, which are likely mediated by autophagy and the RAGE/Raf/ MEK/ERK signal pathway. With increased treatment time, the opposite effects were observed. The effects of AGE-BSA on inhibiting osteogenesis and promoting osteoclastogenic function have been reported in previous studies (11, 49) . However, the role of AGE-BSA in promoting osteogenesis has not been reported. The role of autophagy in protein secretion and trafficking is a relatively recently recognized function of the autophagic machinery. Autophagy affects the secretion of proteins, not only via the conventional method (endoplasmic reticulum-Golgi pathway) but also via a nonconventional method (autophagy-dependent pathway) (50) . For the first time, we demonstrated that autophagy participated in the regulation of functional proteins in hFOB1.19 cells culturing AGE-BSA. The dual effects of AGE-BSA were dependent on the duration of treatment. Further studies will elucidate how autophagy influences the production and secretion of these proteins.
Autophagy is regarded as a double-edged sword. Autophagy is an important factor in maintaining cellular function and viability. However, activation of autophagy is unnecessarily beneficial for cells. Excessive autophagy leads to cell injury and even apoptosis (16, 17) . In our study, the activation of autophagy had short term favorable effects on hFOB1.19 cells treated with a low concentration AGE-BSA as it promoted cellular proliferation, increased osteogenic function, and inhibited osteoclastogenic function. In contrast, long term treatment had the opposite effects. Therefore, the increase in autophagy alone did not effectively improve the functions of hFOB1.19 cells treated with AGE-BSA. These results suggest that autophagy should be controlled to an appropriate degree depending on the different stages of diabetic osteoporosis.
In summary, AGE-BSA had a biphasic effect on the viability of hFOB1.19 cells in vitro, which was determined by the concentration of AGEs and treatment time. A low concentration of AGE-BSA activated the Raf/MEK/ERK signal pathway through the interaction with RAGE, induced autophagy of hFOB1.19 cells, and regulated the proliferation and function of hFOB1.19 cells. Elucidation of the mechanisms of AGEs is valuable for identifying novel targets for the prevention and therapy of diabetic osteoporosis.
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